Many transition-metal monoxides formally having an fcc rock-salt structure exhibit a relatively high degree of vacancies, in particular, the most stable structure of stoichiometric titanium monoxide corresponds to a monoclinic phase, ␣-TiO, showing 15% vacancies. The role of such vacancies on the stability of the solid has been the subject of speculations for the last 30 years. We report in this work a theoretical study of the electronic structure of ␣-TiO based on generalized gradient approximation density functional calculations. Analysis of electron distribution changes induced by the creation of defects on the ideal rock-salt structure allows us to clarify the significant function played by both O and Ti ordered vacancies that work together on stabilization of the material. Stabilization of the monoclinic phase with respect to the cubic one involves a noticeable repolarization of the Ti 3d orbitals that simultaneously contribute to two cooperative mechanisms, ͑i͒ enhancement of the Ti-Ti bonding interactions through and around the oxygen vacancies, and ͑ii͒ electrostatic stabilization resulting from electron density accumulation in a oxygen vacancy ͑cation environment͒ together with electron density depletion in titanium vacancy ͑anionic environment͒.
I. INTRODUCTION
Titanium monoxide TiO belongs to a broad family of compounds referred to as hard refractory metals, which includes nitride and carbide binary derivatives of IIIA, IVA, and VA transition metals. These materials exhibit covalent properties ͑high melting points, extreme hardness͒ together with metallic conductivity comparable to those of pure transition metals. 1 They have a rock-salt structure, and a remarkable feature of these monoxides is the occurrence of a high percentage of vacancies in both the oxygen and metal sublattices ͑up to 25% in NbO͒. 1, 2 Stoichiometric TiO spontaneously shows 15% vacancies in an approximated one to one ratio. After annealing the system at 990°C there is an ordering of the vacancies 3 giving rise to a monoclinic phase known as ␣-TiO with a unit cell of formula Ti 5 O 5 . This behavior indicates that a vacancy ordered structure is thermodynamically favored with respect to the undefective solid. It also makes clear that the vacancy origin is not due to an entropic effect as commonly observed in other solids. 4, 5 Furthermore, keeping pressure and temperature under control it is possible to obtain samples of stoichiometric TiO within 0-15% vacancies. 6 This allows one to analyze the physical properties of the material with respect to the vacancy concentration as reported by Banus and Reed. 7 How the presence of vacancies in TiO produces a stabilization of the system has been the subject of contradictory interpretations. The first attempt to provide a qualitative explanation was reported by Goodenough 8 who proposed that the loss of Madelung energy originated by vacancy formation would be compensated for by an increment of the electron density in the anion holes and by a depletion of the electron density at the cation holes. A second mechanism would involve reinforcement of the metal-metal bond across the vacancy. In 1980, using the non-self-consistent KorringaKohn-Rostoker average t-matrix approximation ͑KKR-ATA͒, Huisman et al. 9 estimated the contribution of four main factors, the shift and width of the bands, the shift of the Fermi level, and the appearance of new vacancy states below the Fermi level. Nonempirical Hartree-Fock-Slater calculations reported somewhat later by Gubanov et al. 10 indicated that the vacancy states were unoccupied and that there was no evidence of a metal-metal bond contribution. However, semiempirical extended Hückel calculations reported by Burdett and Hughbanks 11 indicated that the metal-metal bond was the main contribution to the stabilization of the monoclinic phase. Further studies agreed on ͑a͒ there is an electron density accumulation at the vacancy, ͑b͒ there is a reinforcement of the metal-metal bond across the vacancy, and ͑c͒ there are occupied vacancy states although their relative energy is not clear. These states have been proposed as falling into the gap between the O 2p and Ti 3d bands, 11, 12 or in the occupied region of the Ti 3d band. [13] [14] [15] [16] In the latest theoretical work addressing this subject, Leung et al.
14 reported electronic structure calculations using the local density approximation ͑LDA͒ of the density functional theory ͑DFT͒. These authors concluded that the vacancies allow the valence electrons to delocalize so as to lower the kinetic energy compensating the loss of the Madelung energy.
The electronic structure of stoichiometric TiO has been experimentally investigated using x-ray photoelectron and emission spectroscopic techniques. 17 In contrast with band structure calculations, the spectra showed that neither the monoclinic phase nor the cubic samples exhibit a gap. Also, the existence of vacancy states could not be directly verified from experiments, although the narrower valence band of the monoclinic phase with respect to cubic TiO supported such predictions.
In spite of all this work, it clearly appears that the role played by both oxygen and titanium vacancies still is far from being well understood. Though it seems clear that there is some charge accumulation on the oxygen vacancies, the extent has not yet been estimated. Also, contribution of the cation vacancies still remains uncertain. Whether the defects reinforce the strength of a hypothetical Ti-Ti bond across the vacancy deserves a more careful analysis. Finally, further clarification on the energy position and the nature of surface states is needed. With the aim of getting a deeper insight into these aspects we report in this paper a theoretical study of the structure of TiO based on density functional calculations performed using the generalized gradient approximation ͑GGA͒ to introduce the exchange and electron correlation contributions. The paper is organized as follows: in Sec. II, models and computational methods are described. The results and discussion are presented in Sec. III. Finally, the main conclusions are outlined in Sec. IV.
II. MODELS AND COMPUTATIONAL DETAILS
In order to model the extended nature of these surfaces, periodic three-dimensional ͑3D͒ DFT calculations were carried out using the VASP 4.6 code 18, 19 and the projector augmented wave method ͑PAW͒. 20 Energy was obtained in these calculations using the GGA implementation of DFT proposed by Perdew et al. 21 and the valence electronic states were expanded using plane waves as basis set with a cutoff of 500 eV. In the case of Ti atoms, the semicore 3s3p states were also included. Thermal smearing of one-electron states ͑k B T = 0.05 eV͒ was used, together with the MethfesselPaxton scheme of order two. The number of k points used was selected in order to get TS corrections to the energy less than 0.001 eV. They were generated using the MonkhorstPack method, the grids being 8 ϫ 8 ϫ 8 for cubic TiO, and 8 ϫ 6 ϫ 8 for monoclinic TiO.
Forces on the ions were calculated through the HellmannFeyman theorem as the partial derivatives of free energy with respect to the atomic position, including the Harris-Foulkes 22 correction to forces. This calculation of the forces allows a geometry optimization using the conjugategradient scheme. Iterative relaxation of atomic positions was stopped when the change in total energy between successive steps was less than 0.001 eV. With this criterion, forces on the atoms were generally less than 0.1 eV/ Å.
Two structures of TiO have been considered in the computations, cubic and monoclinic. The first is the undefective NaCl structure and has been used as a vacancy-free reference. The unit cell of the monoclinic phase ␣-TiO is similar to that of NaCl but has an ordered array of vacant lattice sites. Half of the titanium and half of the oxygen atoms are missing alternately in every third ͑110͒ plane. 3 Since in this phase, with space group A2/m, there is approximately one formula unit missing in every six units, this stoichiometric compound is usually denoted as Ti 5 O 5 , although the unit cell has 20 atoms. In this structure, Fig. 1 , the 3D ordering of vacancies gives rise to octahedral holes of cations and anions aligned along the ͗001͘ direction and sharing a vertex. Such an alignment actually results in cation and anion vacancy channels running parallel to the ͗001͘ direction as recently observed using high-resolution electronic microscopy ͑HREM͒. 23, 24 Concerning the coordination, the atoms lying 
III. RESULTS
We start this section reporting on the preliminary tests performed to evaluate the reliability of our theoretical approach. With this aim a full relaxation of both the cell parameters and the ion positions has been performed for cubic and monoclinic structures, and the results are reported in Table I . The theoretical lattice parameters estimated here are in agreement with the experimental data for both structures, with errors lesser than 0.8% for ␣-TiO and 1.15% for cubic phase. Compared with the LDA calculations reported by Leung et al. 14 it turns out that the GGA computations give superior agreement. We have also estimated the heat of formation of both structures ͑Table I͒, computed as the difference between total energies of titanium oxide and the sum of crystalline titanium and molecular oxygen. For the monoclinic structure the heat of formation is computed to be −507.6 kJ/ mol, in excellent agreement with the experimental value, −519.7 kJ/ mol. 25 This is at variance with the LDA predicted value of −648.4 kJ/ mol that clearly appears to be overestimated. On the other hand, the cubic phase is less stable than the monoclinic structure, in agreement with previous work, the difference predicted by our GGA calculations being 45.2 kJ/ mol, indicating that vacancy formation stabilizes the structure.
A. Electronic structure
The general effect that vacancies formation has on the electronic structure can be traced from the total density of states, DOS, curves displayed in Fig. 3 . Taking cubic TiO as reference ͑bottom of the figure͒, vacancy creation induces three main features. First, Ti 3s and Ti 3p bands split showing new components at higher energies. Also a shoulder in the O 2s band is observed. Second, there is a general shift of about 0.6 eV towards higher energy. Finally, the gap between the O 2p and Ti 3d bands lowers by 0.54 eV.
To rationalize these effects we will consider in more detail the band components evolution, reported separately in Figs. 4 ͑semicore states͒ and 5 ͑valence states͒ for the sake of the analysis. Starting from the cubic phase, creation of a defect leads to a configuration in which six ions with the same charge are facing each other, with a strong increment of electrostatic repulsion ͓see Figs. 2͑a͒ and 2͑b͔͒ . This repulsion induces a destabilization of the semicore bands that shift to higher energies. Such a shift should be larger for those bands arising from atomic orbitals pointing towards the vacancy. Indeed, a higher destabilization is expected in the bands associated with the vacancy channels Ti-CV and O-CV atomic sites as these ions feel the repulsion of 10 ions of the same charge. In contrast, those ions on the X and Y sites only feel the repulsion of five ions with the same charge. This anisotropy gives rise to different polarization of the electron clouds of X / Y and CV ions. This is certainly the qualitative behavior observed in Fig. 4 . All semicore bands shift, however, the destabilization of Ti-X 3p x and Ti-Y 3p y and, mainly, Ti-CV 3p z components are larger. We can now see how the splitting observed in the total DOS of Fig. 3 is due to the differential shift of the 3s and 3p z states of titanium due to the anisotropy of the structure.
Focusing now on the valence bands, qualitative similar features should occur, although larger effects are expected because of their higher polarizable nature. As shown in There are not only band shifts, but some bands that were below the Fermi level fall now above it, and vice versa. Before going on to the analysis, a further point concerning the O 2p -Ti 3d band gap deserves our attention. Indeed, the fact that this band gap is relatively large, ϳ2 eV, indicates that the O 2p and Ti 3d hybridation is low and therefore the 3d band is mainly built up from the Ti-Ti interaction, i.e., metal-metal bond. The changes induced on these bands are then reflecting the changes of the Ti-Ti bonding. As can be observed in Fig. 5 , the Ti-CV 3d xy component shifts above the Fermi level while the Ti-CV 3d z 2 states now are found below it. The gain/loss of charge for a given component may be roughly estimated by integrating the bands up to the Fermi level. Thus, the 75% of the electron density lost by the Ti 3d xy orbitals goes to the Ti-CV 3d z 2 states. The remaining 25% increases the population of the Ti-CV 3d xz , 3d yz orbitals. These changes make clear the strong repolarization of the Ti-CV centers when two oxygen atoms are removed. The Ti electronic clouds are strongly attracted by the surrounding cations, and spread towards the vacancy. The large stabilization of the Ti-CV 3d z 2 states, induced by cation coordination, clearly indicates a reinforcement of the metal bond between Ti-CV atoms across the vacancy. The stabilization of Ti-CV 3d xz , 3d yz states also indicate a larger bonding with Ti-X and Ti-Y, but to a lesser extent. It is worth noting on the other hand that both the destabilization of the O 2p z and the stabilization of the Ti 3d z 2 states are responsible for lowering the p-d band gap referred to above.
A similar behavior is observed for Ti-X and Ti-Y atoms, but now the components stabilized by the vacancy ͑those pointing towards it͒ are the 3d x 2 −y 2, now below the Fermi level, although, as expected, their shifts are not as large as those of Ti-CV 3d z 2 states. The 3d xy bands in their turn are strongly destabilized with a significant loss of electron population. Another interesting feature is the repolarization of the 3d xz and 3d yz bands. In the case of Ti-X, the 3d xz band gains electron population at the expense of the 3d yz one, with a 3d xz /3d yz ratio of 1.5. This rehybridation allows for a better overlap between Ti orbitals reinforcing the bond between Ti-X and Ti-CV atoms. In the case of Ti-Y centers, the repolarization goes in the inverse sense, the 3d yz population increases and the 3d xz diminishes, with a 3d yz /3d xz ratio of 2.5, with an improvement of the bond with Ti-CV atoms.
B. Electron density maps
Further insight into the electronic changes induced by the vacancies may be obtained from analysis of the electron density maps. In Fig. 6 , some of these maps corresponding to selected planes are reported. Figures 6͑a͒ and 6͑b͒ are planes parallel to the XZ plane and shows the 3d xz component of the Ti 3d band. Figure 6͑a͒ corresponds to the plane containing Ti-X and Ti-CV atoms, as well as the vacancy oxygen sites. One can observe that the electron density does not vanish inside the vacancy, and in fact there is some accumulation of charge in the hole. The electron density between Ti atoms reaches a minimum at the middle point of an imaginary line connecting them, and then increases back to the Ti centers. This electron pattern is in agreement with the presence of some Ti-Ti metal bond. In Fig. 6͑b͒ , we have the Ti vacancies and the Ti-Y atoms. Compared to the Fig. 6͑a͒ map, the most outstanding feature is that the vacancy is completely empty. The 3d xz orbitals pointing towards the hole are strongly repelled by the six anions surrounding them and consequently there is a contraction. This repulsion produces destabilization of the levels, and it is expected that such a destabilization will increase with the number of Ti vacancies, which in this plane amounts to 50%. Figure 6͑c͒ shows the electron density map in the YZ plane. This plane has three kinds of Ti atoms, with the 3d yz component, and two kinds of vacancies, with a concentration of Ti vacancies of 25%. We can see again how the O vacancies accumulate charge while the Ti vacancies are density free regions. This distribution electrostatically stabilizes the system since actually it involves alternation of vacancies negatively and positively charged, thus partially recovering the Madelung potential. A further aspect of the electrostatic stabilization comes from the fact that there is an enhancement of negative charge in a cation coordination environment, and vice versa, there is an increment of positive charge in a negative environment.
As already mentioned, the stabilization of the Ti 3d components depends on the concentration of Ti vacancies on the same plane. The Ti-X 3d xz component ͓Fig. 6͑a͔͒ has no Ti vacancies; however, the Ti-X 3d yz component ͓Fig. 6͑c͔͒ finds 25% vacancies repelling its electron density. This fact explains the observed repolarization for this atom, for which the ratio 3d xz /3d yz was 1.5. In the case of Ti-Y atoms, the 3d yz component feels 25% Ti vacancies, while the concentration of vacancies for the 3d xz component is 50%, consequently the ratio 3d yz /3d xz must be larger ͑estimated to be 2.5͒.
An interesting point concerning the electron density accumulation in the oxygen vacancies refers to the role that it plays on the final stabilization of the system. Some authors suggested that this charge is a consequence of the Ti-Ti bond through the vacancy, 10, 11, 14 while in other works it has been proposed that the charge accumulation is mainly due to electrostatic effects. 8, 9 In order to estimate the weight of these two contributions we have performed a computation of a system identical to ␣-TiO but without the oxygen atoms. This system consists of unoxidized Ti atoms and therefore the accumulation electron density in the vacancies, if any, must be due to Ti-Ti metal bonds across the hole since no electrostatic interactions are present. To estimate the charge accumulation we have integrated the electron density in a sphere centered at the vacancy and the results are reported in Fig. 7͑a͒ for both ␣-TiO and Ti-fcc structures. As can be seen, there is some charge in the Ti-fcc system holes, which reflects the metal-metal bond across the vacancy from overlap of 3d z 2 and 3d x 2 −y 2 orbitals. However, when the oxygen atoms are introduced in the structure the charge accumulation is significantly enhanced ͑by a factor of about 3͒, clearly indicating the decisive role of the electrostatic interaction on such an accumulation. In an approximate way, the metalmetal bond accounts for 1 / 3 of the charge, and the electrostatic interaction for the remaining 2 / 3. This result agrees with the ionic character observed in the previous theoretical and experimental works. [26] [27] [28] [29] To end this analysis we could estimate the size of the charge accumulated in the vacancies by integrating the electron density in a sphere representing the defect. The radius of the sphere that we have chosen corresponds to that of the electron density isoline, which closes around the vacancy instead of around the Ti neighbors ͓Fig. 7͑b͔͒. The integration gives a negative charge of −1.65e and therefore there is an almost complete recovering of the formal charge that would be assigned to an oxygen atom in the defect-free structure. In other words, the Madelung energy is practically recovered by the charge accumulation.
IV. STABILIZATION MECHANISM AND CONCLUDING REMARKS
The analysis reported in this work, based in GGA calculations, has shown that upon oxygen vacancy creation there is a strong repolarization of the electronic cloud around the metal ions along two main directions ͑i͒ reinforcement of the metal-metal bond across the vacancy through ͑3d xy ͒ → ͑3d z 2 ,3d x 2 −y 2͒, and around the vacancy through 3d xz ↔ 3d yz repolarizations, and ͑ii͒ charge accumulation in the vacancy mainly through ͑3d xy ͒ → ͑3d z 2 ,3d x 2 −y 2͒ electron pumping which increases the electron density in a cation coordination environment, with the subsequent electrostatic stabilization. Creation of Ti vacancies in the system also leads to significant changes in the electron distribution as it induces repolarization of the 3d xz , 3d yz orbitals in order to decrease the electron density in an anionic coordination environment. These changes also favor the metal-metal bond around an oxygen vacancy, the 3d xz between Ti-CV and Ti -X; the 3d yz between Ti-CV and Ti-Y.
The charge redistribution observed in the ␣-TiO structure obeys the anisotropy introduced by the vacancy channels along the ͗001͘ direction. The particular relative disposition of these channels allows larger stabilization of the crystal as FIG. 7 . ͑a͒ Electron density integrated in spheres of increasing radii ͑Å͒ centered at the oxygen vacancy. The vertical line shows the radius value for the limit isodensity. ͑b͒ Three-dimensional representation of the limit isodensity at an oxygen vacancy.
they produce a reinforcement of the Ti-Ti metal bonding across the vacancy. Moreover, for that given vacancy concentration in stoichiometric TiO, the relative disposition of both cation and anion vacancies synergistically acts on the system stabilization. It is also worth noting that such a vacancy ordering actually accounts for the monoclinic structure of ␣-TiO.
If we compare cubic and monoclinic structures we see that the differences rely not only on the vacancies but also in the atomic relaxations. Then, one can wonder if the larger stability of the ␣-TiO structure ͑45.2 kJ/ mol͒ is exclusively due to the polarization arising from the anisotropy introduced by the holes. A simple way to estimate this contribution is to perform a calculation of TiO structure in which the atoms preserve the cubic defect free positions but with the vacancies corresponding to the monoclinic ordering. Our calculations show that this structure is more stable than the cubic one by 34.3 kJ/ mol ͑76% of the difference͒. The analysis of the DOS reveals that there is a strong repolarization of the 3d band, decreasing electronic density from the anion cavities and placing it into the cation environment. If this structure is allowed to relax, the Ti-Ti distance across the vacancy channels diminish while the O -O distances increase, recovering the remaining 10.9 kJ/ mol. This analysis makes clear that the charge redistribution constitutes the main contribution to the stabilization mechanism of the ␣-TiO structure via vacancy. These results confirm the stabilization mechanism proposed by Goodenough in its pioneering qualitative work.
This mechanism may also be working for other solids featuring vacancies provided that three requirements are accomplished. First, the material must be ionic enough in order to achieve high electrostatic stabilization. Second, to have an efficient metal-metal bonding contribution, the size of 3d metallic orbitals must be suitable to favor their overlap. Third, the electron configuration of the transition metal atom must be appropriate in order to establish the metal-metal bond. These requirements are fulfilled for instance for the earlier transition metals oxides, TiO, ZrO, VO, NbO. Indeed, the experimental data indicate that VO and NbO show 15% and 25% vacancies in both sublattices.
ACKNOWLEDGMENTS
Financial support from the Spanish Ministerio de Ciencia y Tecnologia ͑MAT2002-0576͒, and the Junta de Andalucía ͑FQM-132͒, is appreciated. *Corresponding author. Electronic address: sanz@us.es
